This study reports the production of astaxanthin in the photosynthetic bacterium Rhodovulum sulfidophilum, which has adequate precursor pools and storage capabilities for heterologous carotenoid production. Chemical mutagenesis was carried out using ethylmethane sulfonate to produce mutants with a modified carotenoid biosynthesis pathway downstream of phytoene. Stable green-and graycolored mutants were selected. Green mutants contained neurosporene or chloroxanthin as their major carotenoid (490%), while the gray mutants accumulated phytoene. We previously demonstrated the production of b-carotene in Rhodovulum sulfidophilum by cloning the Erythrobacter longus crtI (phytoene dehydrogenase) and crtY (lycopene cyclase) genes. In the present study, an expression vector for astaxanthin production was constructed that contained the Paracoccus crtW (b-carotene oxygenase) and crtZ (b-carotene hydroxylase) genes in addition to the E. longus crtI and crtY genes. A transconjugant, which can synthesize astaxanthin, was successfully generated (2.0 mg g À1 DCW).
Introduction
Carotenoids are an important medicinal and biotechnological class of natural pigments produced by many microorganisms and plants. These pigments have diverse structures and perform various biological functions, such as speciesspecific coloration, photo-protection (Niyogi et al., 1997; Glaeser & Klug, 2005) and light harvesting (Webster et al., 1980; Cogdell et al., 1981) . They also serve as molecular precursors for many hormones (Vershinin, 1999) . Carotenoids have been used commercially as food colorants, animal feed supplements and, more recently, as neutraceuticals for cosmetic and pharmaceutical purposes (Nishino et al., 2002; Stahl & Sies, 2003) . Astaxanthin is a carotenoid that is closely related to other well-known carotenoids, such as b-carotene, zeaxanthin, lutein and the main carotenoids found in aquatic animals. It has high antioxidant activity, and its properties are believed to contribute to protection against UV-light photo-oxidation (Savoure et al., 1995) , inflammation (Kurashige et al., 1990) , cancer, aging and age-related diseases (Jyonouchi et al., 2000) .
The main synthesis pathways of acyclic and cyclic carotenoids have been elucidated at a molecular level (Sandmann & Kowalczyk, 1989; Linden et al., 1994) . More than 150 genes encoding 27 different carotenoid-synthesis enzymes have been cloned from bacteria, plants, algae and fungi (Sandmann, 1994) . Carotenoids such as lycopene, b-carotene and zeaxanthin have been synthesized in the noncarotenogenic host Escherichia coli by introducing carotenoid-synthesis genes (Ruther et al., 1997) . However, the level of carotenoid produced in these Escherichia coli cells is less than the level detected in carotenogenic algae and yeast, such as Haematococcus (Guerin et al., 2003) , Dunaliella (Burick, 1991) and Phaffia rhodozyma (Miller et al., 1976) . This effect may be due to the cells' limited supply of isoprenoid precursors, which are only needed in small quantities for the synthesis of metabolites like dolichols and quinones. In fact, carotenoid production improves following an increase in the levels of isoprenoid precursors to enrich the isoprenoid pathway (Farmer & Liao, 2000; Smolke et al., 2001; Lee et al., 2004) . Lee & Schmidt-Dannert (2002) demonstrated that highyield carotenoid production in engineered hosts requires the following: (1) optimization of the available isoprenoid precursor pool, (2) balanced expression of carotenogenic genes for efficient transformation of precursors to desired carotenoid compounds and (3) provision of sufficient storage capabilities for the mostly lipophilic carotenoids. Photosynthetic bacteria synthesize significant amounts of carotenoids in their intracellular membranes, and their metabolic engineering can provide an alternative route for the heterologous production of carotenoids. Heterologous carotenoid production in photosynthetic bacteria has mainly utilized Rhodobacter sphaeroides for studies examining the control and organization of carotenoid biosynthesis (Lang et al., 1995) , as well as functional studies examining novel pigment-protein complexes (Garcia-Asua et al., 2002) . Several different carotenoids, such as lycopene, b-carotene, b-cryptoxanthin and zeaxanthin, have been produced in Rhodobacter sphaeroides using the heterologous expression of crt genes (Hunter et al., 1994) .
We have extensively investigated the biotechnological application of the marine photosynthetic bacteria Rhodovulum sulfidophilum (Matsunaga et al., 1986) . The Rhodovulum sulfidophilum strain NKPB160471R, which was isolated in our laboratory, exhibits elevated hydrogen production (Matsunaga et al., 2000) . We previously demonstrated heterologous b-carotene production in this strain following the cloning and expression of crtI and Y from Erythrobacter longus OCh101 (Matsumura et al., 1997) , where a recombinant strain produced a small amount of b-carotene only after its own carotenoid pathway was modified (Takeyama et al., 1996) . In the present study, we generated carotenoid mutants by chemical mutagenesis and used these mutants as hosts for heterologous carotenoid gene expression. Specifically, astaxanthin production was achieved by expressing cloned crt genes (crtI, Y, W and Z) in Rhodovulum sulfidophilum utilizing the carotenoid rerouting pathway depicted in Fig. 1 .
Materials and methods

Bacterial strains and growth conditions
The marine photosynthetic bacterium Rhodovulum sulfidophilum strain NKPB160471R (spontaneous rifampicin-resistant mutant) was used in this study. It was cultivated in RCVB medium (Beatty & Gest, 1981) containing 1.5% NaCl with a light intensity of 20 mE m À2 s
À1
at room temperature under anaerobic conditions. Escherichia coli strains DH5aMCR and S17-1 (Simon et al., 1983) were used for genetic manipulation.
Ethylmethane sulfonate (EMS) mutagenesis
Mutagenesis of Rhodovulum sulfidophilum strain NKPB160471R was achieved by treatment with EMS. One and one-half milliliters of late exponential phase (10 9 cells mL
À1
) liquid culture was centrifuged in 1.5 mL À1 microtubes at room temperature. After resuspending the cells in 0.96 mL À1 of 0.1 M phosphate buffer (PB) (pH 7.0), EMS was added to a final concentration of 4% and the cells were then incubated for 5 min at room temperature. The cells were washed four times with PB, followed by two washes with sterile-distilled milli-Q water. The cells were grown aerobically overnight in RCVBN medium and plated out on RCVBN agar plates containing rifampicin (80 mg mL
). Plated cells were incubated under dark aerobic conditions at 30 1C.
Plasmid construction and conjugal DNA transfer
The crtW and crtZ genes were amplified from the genome of Paracoccus sp. MBIC1143 (Misawa et al., 1995) using primers based on the genome sequence of the crt gene Fig. 1 . Carotenoid biosynthetic pathways leading to spheroidene production in Rhodovulum sulfidophilum, and the rerouted pathway leading to astaxanthin production in this study.
0 -ACCCGCACCAAGGAGAAA AGCGCATGACCAAT; reverse, 5 0 -AGCCCTGCAGGATGG GTCACGTGCGCTCCTGC). The crtW and/or crtZ genes along with the downstream crtI and crtY, which were cloned from Erythrobacter longus OCh101 (Km r ) (Takeyama et al., 1996) , were digested by KpnI and Sse8387I and cloned into the plasmid pRKY415 to generate the plasmids pRKY415W, pRKY415Z and pRKY415WZ. The puf promoter from the photosynthetic bacterium Rhodobacter sphaeroides was used as a promoter for expression of carotenoid genes in this study (Takeyama et al., 1996) . It is known as a strong promoter regulating the expression of the reaction center and light-harvesting I apoproteins in photosynthetic bacteria (Matsuda et al., 2000) .
Rhodovulum sulfidophilum cells in the logarithmic or early stationary growth phase were harvested and concentrated to 10 10 cells mL À1 . Donor cells, freshly transformed Escherichia coli S17-1 colonies, were suspended in LB medium at the same cell concentration as the recipient Rhodovulum sulfidophilum cells. Mating mixtures of the Rhodovulum sulfidophilum recipient cells and the Escherichia coli S17-1 donor cells were prepared at a mating ratio of 10 : 1, spotted onto RCVB agar plates and incubated in the dark at 32 1C. After a 24-h incubation, conjugated cells were resuspended in RCVB liquid medium and plated on RCVB agar plates containing kanamycin (50 mg mL À1 ) and rifampicin (80 mg mL À1 ) and grown under photosynthetic conditions.
Carotenoid extraction and analysis
Carotenoids were extracted from lyophilized cells growing in the early stationary phase with acetone three times. The extracts were dehydrated using anhydrous sodium sulfate and evaporated. The residue dissolved in acetonitrile was subjected to HPLC analysis using Waters symmetry column C-18 with acetonitrile-methanol-2-propanol (90 : 8 : 2). The carotenoid peak was analyzed according to the retention time, spectrum and MS. The absorbance of the carotenoid pigments was measured by photodiode array with HPLC (Shimdzu Co., Ltd.). Synthetic astaxanthin, lycopene and b-carotene (Sigma) were used as references.
Results
Construction of crt mutants by chemical mutagenesis
EMS mutagenesis of Rhodovulum sulfidophilum cells generated colonies with different color phenotypes. Orange-, brown-, green-and gray-colored colonies were obtained with an efficiency of c. 2 Â 10 À7 . Interestingly, half of the colonies detected were green-colored. Following purification of the colored colonies, each was grown anaerobically and photosynthetically at room temperature in RCVB liquid medium. During this liquid cultivation, a high frequency (up to 65%) of reversion to the phenotype color of the parental colonies was observed for the orange-and browncolored mutants. In contrast, a much lower frequency (o40%) of reversion of the color phenotype for the green and gray mutant colonies was observed. However, after several sequential transfers in RCVB liquid or agar medium, these green and gray mutants were often unstable and about 50% of the population reverted. Mutants whose color phenotype did not change after several transfers were selected. The stability of these mutants was analyzed further by additional sequential liquid culture transfers.
Carotenoid analysis of stable mutants Table 1 shows the carotenoid composition of three mutants that stably maintained their color phenotype. The major carotenoid detected in the gray mutant 160471RMI was phytoene. HPLC analysis indicated that all gray mutants contained phytoene as the major carotenoid. These mutants have poor growth as compared with the wild-type (parental) strain. For example, the wild-type strain reached stationary phase growth in three days, yielding a biomass of 0.23 mg DCW mL À1 while the 160471RMI mutant, which showed rapid growth relative to other phytoene-accumulating mutants, took two weeks to reach stationary phase growth and yielded only half of the biomass of the wild-type strain. The green-colored mutant 160471RMD displayed a high (greater than 90%) chloroxanthin composition. This is likely due to a disruption of the carotenoid biosynthesis pathway downstream of chloroxanthin synthesis. The mutant 160471RMC accumulated neurosporene as its predominant carotenoid (96%), with no other carotenoids downstream of neurosporene in the carotenoid biosynthesis pathway detected in an HPLC chromatogram as shown in Fig. 2b . This finding indicates that this mutant has a mutation in the carotenoid pathways involving the biosynthetic activity of crtC. Both 160471RMC and 160471RMD mutants revealed growth characteristics similar to the wild-type strain.
Heterologous carotenoid production in mutants of Rhodovulum sulfidophilum
Rhodovulum sulfidophilum strains 160471RMI and 160471RMC were the most likely candidates as hosts for the heterologous production of the carotenoid astaxanthin because they accumulate appropriate precursors, such as phytoene and neurosporene, due to carotenoid biosynthetic pathway mutations. Figure 2 and Table 2 show the carotenoid composition of the metabolically engineered Rhodovulum sulfidophilum mutants. The transconjugants of 160471RMI harboring pRKY415 (crtI and crtY) produced bcarotene as 2.2% of the total colored carotenoid in the cells, and more than half of the carotenoid was processed by the native biosynthetic pathway to chloroxanthin (27.8%) and spheroidene (36.8%). In contrast, the 160471RMC harboring pRKY415 (Fig. 2c) , which produced b-carotene as 17.1% of the total carotenoid in the cells, did not produce spheroidene despite accumulating b-carotene to levels 7.7-fold higher than that observed in the 160471R transconjugant described previously (Takeyama et al., 1996) (154 mg mg À1 DCW vs. 20 mg mg À1 DCW). However, neurosporene was still the major carotenoid in 160471RMC harboring pRKY415. The phytoene-accumulating mutant 160471RMI described in this study exhibited a slower growth rate and a lower level of b-carotene composition than the 160471RMC mutant after pRKY415 was cloned into these strains. Therefore, further experiments for the engineered production of astaxanthin were performed using the neurosporene-accumulating mutant 160471RMC as a host. As shown in Fig. 1 , introduction of the crtW and crtZ genes in addition to the crtI and crtY genes was expected to induce the transconjugants to convert b-carotene to canthaxanthin and zeaxanthin, respectively. The 160471RMC mutant harboring pRKY415Z (crtI, Y, Z) accumulated 15.5% zeaxanthin (0.149 mg mg À1 DCW, Fig. 2d ), while the 160471RMC mutant harboring pRKY415W (crtI, Y, W) accumulated 10.3% canthaxanthin (0.094 mg mg À1 DCW, Fig. 2e ). Figure 2f shows the HPLC chromatogram of the carotenoids extracted from the 160471RMC mutant harboring pRKY415WZ (crt I, Y, W, Z). The 3.7 min peak was identified as astaxanthin by visible spectrum and retention time compared with a standard compound. The 160471RMC transconjugant (pRKY415WZ) successfully synthesized astaxanthin to 0.2% of the total carotenoid of the cells, which corresponded to 2.0 mg g À1 DCW.
Discussion
We generated several chemical mutant Rhodovulum sulfidophilum strains that disrupted the carotenoid pathways involving the biosynthetic activity of CrtI or CrtC, and these mutants were used as hosts for metabolically engineered carotenoid production. EMS mutagenesis was used in this study because it can be performed easily and mutants can be obtained in a relatively short period of time. Transposon mutagenesis, which can be used easily to disrupt genes, was not used because carotenoid genes are clustered and transposon insertion can sometimes cause polar effects, which may inhibit other enzymes of the carotenoid pathway (Hunter et al., 1994) . The crtI gene of Erythrobacter longus encodes the 4-step desaturase that metabolizes phytoene to lycopene through phytofluene, z-carotene and neurosporene intermediates. The 160471RMI that disrupted the pathways involving the biosynthetic activity by CrtI produced not only b-carotene but also spheroidene and chloroxanthin carotenoids. These products were obviously derived from the native crtC function of the strain. It has also been reported that an end product of the carotenoid biosynthesis pathway, such as spheroidene, might inhibit phytoene desaturase (Ouchane et al., 1997) . Therefore, to prevent modification of lycopene and to prevent the function of the native carotenoid biosynthesis pathway mediated by CrtC, disruption of crtC was used to block the first hydroxylation step.
The crt genes mediating b-carotene, canthaxanthin, zeaxanthin and astaxanthin synthesis were introduced into the 160471RMC. The end carotenoid products obtained were as follows: b-carotene was produced by introduction of crtI and Y, canthaxanthin was produced by introduction of crtI, Y and W, zeaxanthin was produced by introduction of crtI, Y and Z and astaxanthin was produced by introduction of crtI, Y, W and Z. This is the first report of the heterologous production of astaxanthin in photosynthetic bacterium, although the content level is quite low. The main carotenoid (greater than 60%) detected in the transconjugants was neurosporene and c. 30-40% of this was rerouted to the astaxanthin pathway. This finding could be due to the function of the native phytoene desaturase encoded by crtI, which strongly competes with the heterologous phytoene desaturase such that the native crtI expression level or phytoene desaturase activity is stronger than the heterologous activity. As for this result, the crtC mutant of Rhodobacter sphaeroides was similarly observed (Garcia-Asua et al., 2002) . Garcia-Asua et al. were trying to increase the percentage of lycopene by inactivating the host phytoene desaturase (crtI). This necessitated the construction of a crtIC double mutant of Rhodobacter sphaeroides, providing a decisive block in the native pathway, and a background in which to examine a 4-step desaturase in the absence of a competing native 3-step desaturase and the CrtC enzyme.
Carotenogenic microorganisms such as photosynthetic bacteria have several properties that make them good hosts for heterologous carotenoid biosynthesis. These advantages include the readily available isoprenoid precursor pool and the lipophilic storage capabilities of their intracellular membranes. However, additional improvements to the nonmevalonate pathway leading to the formation of the first isoprene unit isopentenyl pyrophosphate, from which all carotenoids are derived, will likely increase carotenoid content.
Several genetic alterations can be used to increase the production of carotenoids in the marine photosynthetic bacterium Rhodovulum sulfidophilum. This study demonstrates that a combination of genetic and metabolic engineering can be used to develop alternative way(s) of synthesizing useful, biotechnological products. 
